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Abstract

The structure of ocean-atmosphere annual-cycle variability across the global tropics is

extracted from the Comprehensive Ocean-Atmosphere Data Set (COADS) surface winds and SSTS,

and oceanic heat-content simulation from a nonlinear shallow water model (forced by COADS wind

stress) using the co-variance based rotated principal component analysis technique.

‘l’he coupled annual-cycle variability is compactly describable using Iwo modes  that are in

temporal quadrature, and whose structures are insensitive to the inclusion/exclusion of oceanic heat-

content in the combined variability analysis. The firs? mode, peaking in July (and January),

represents large-scale rnonsoonal  flow onto the warmer continents: Indo-China,  Central America,

and western Africa, ~’he second annual-cycle mode peaks in October (and April) when it represents

the extreme phases of SST annual variability in the eastern oceans.

An analysis of the associated surface-momentum balance shows the equatorial flow in the

cold-tongue’s core region to be dynamically consistent with the ‘SST-gradient driven’ sea-level

pressure gradients, and more so, when the impact of near-surface static-stability

horizontal-momentum dissipation is factored in. inspection of temporal phasing of

variation on

the extracted

annual-cycle related zonal and meridional winds w.r.t. SSTS furthermore shows easterly-tendency

to lead local cooling in the off-coastal ]Ongitudes  (westward of 10OOW) by about a month.

Taken together, this indicates that the co]d-tongue’s  westward expansion in the off-coastal

eastern Pacific and Atlantic results from the local interaction of zonal  wind and zonal  SSrl’-gradient,

particularly, at the tongue’s leading edge; the westward expansion of warm-phase SSTS proceeds

similarly. A ‘westward expansion hypothesis’ encapsulating these coupled interactions is proposed.

The weak SST annual-cycle in the off-coastal northern equatorial Indian Ocean, on the other

hand, appears to be driven by modulations of latent-heat flLlx and oceanic mixed-layer stirring that

are induced by robust surface wind-speed variability associated with the Asian monsoon,



J. Introduction

The ocean-atmosphere seasonal cycle in the eastern Pacific and Atlantic is notable for its

robustness, and distinctiveness from the seasonal march at other tropical longitudes. ~’he coupled

seasonal cycle is also remarkable because its period is twice that of the dominant external forcing

Pacific has existed since Horel’s (1982) annual-harmonic analysis of

and atmospheric variables, the interest in understanding the dynamics

several related

of the coupled

in these latitudes, While a comprehensive documentation of seasonal-cycle variability in the

tropical

oceanic

ocean-atmosphere seasonal-cycle evolution is rather recent (e.g., Chao,  1990), and, principally,

spurred by the need to better understand, model and predict the low-frequency El Nifio Southern

Oscillation (ENSO) variability. The latter is connected to aspects of seasonal-cycle variability

in the eastern Pacific (Rasmussen and Carpenter, 1982), and known for its global climatic

impacts (Ropelewski  and }Ialpert,  1987).

The mechanism(s) responsible for the unique seasonal evolution of the tropical ocean-

atmosphere system have been explored by Mitchell and Wallace (1992) and Wang (1992), and

from a dynamical instability perspective by Chang  and Philander (1 994), Mitchell and Wallace’s

(1992) diagnostic analysis reveals the importance of interactions/feedbacks of the eastern ocean

basins with the adjoining land-masses, and with insolation via shortwave modulation by the low-

Ievel stratus decks,

windstress changes

evolving Central American monsoons) in promoting the westward expansion of the SST cold-

tongue  via an oceanic mixed-layer remote response.

Wang’s (1992) multi variate extended empirical orthogonal function analysis of outgoing

longwave radiation and Comprehensive Ocean-Atn]osphere I>ata Set’s (COADS) surface winds,

Mitchell and Wallace (1 992) argue for a leading role of the mcridiomf

at the northern edge of the equatorial waveguide (that are driven by the
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sea-level pressure and SSTS yields two annual-cycle related modes: the anti-symmetric (about the

equator) tnonsoonal  mode and the quasi-symmetric equatorial mode. I’he latter captures the

extreme phases of SST variability in the equatorial eastern Pacific. Wang’s analysis indicates that

the SS’1”  cold-tongue evolution results from a complex interaction of these two modes, and that

the northward

of the Central

Chang

in the eastern

shift of the ITCZ over the eastern Pacific in May is not controlled by the onset

American monsoons,

and Philander (1994) seek an explanation for the unique annual-cycle evolution

ocean basins via normal mode instability analysis of the annual-mean tropical

ocean-atmosphere state. Their analysis yields a set of unstable coupled modes, the most unstable

of which has infinite period, and a zonally  symmetric but meridiona]ly  anti-symmetric SST

structure about the equator (akin to Wang’s monsoonal  mode). Their study suggests that the

coupled annual-cycle evolution in the eastern ocean basins is initiated by the monsoonal mode,

but that the westward propagation of equatorial zonal winds and SST-- a notable feature of the

coupled annual cycle, is due to another unstable coupled mode that has symmetric SS”1’ structure

and an annual period (akin to Wang’s quasi-symmetric equatorial mode), Chang and Philander’s

(1994) analysis shows the annual-cycle variability to be unconnected with themlocline-depth

variations, but is not quite revealing of the coupled dynamics encapsulated in their second annual-

cycle related unstable mode.

It thus appears that there does not exist at the present time a succinct elucidation of the

dynanlics/thern~  odynan~ics governing the most fundamental aspect of coupled seasonal-climate

evolution in the deep-tropics-- the westward and northward expansion of the Pacific cold-tongue

during June-October, the primarily westward expansion of the Atlantic cold-tongue during

May-September, and the eastward and northward expansion of the comparative] y weaker cold-
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phase SSTS in the Indian Ocean during June–October.

The objective of this study is to contribute towards such an elucidation. It begins with

the extraction of the coupled ocean-atmosphere annual-cycle variability structure from COADS

surface winds

model (forced

and SS”1’s, and oceanic heat-content simulation from a nonlinear shallow water

by COAI>S  wind stress) using the rotated principal component analysis (RPCA)

technique, The COADS winds and SS”1’ dataset is

model used in generating the concurrent ocean

described in section 2, and the shallow-water

heat-content anomalies in section 3. The

covariance-based RPCA technique of analyzing combined variability is briefly discussed in

section 4, while a compact description of the tropical ocean-atmosphere annual-cycle in terms

of the two-leading recurrent modes of combined variability is presented in section 5.

The dynamical diagnoses part is

stlrface-l~~o~llel~tlllll  balance in the core

structured around the analysis of zonal and meridional

of the SST cold-tongue in sections 6A and B, and an

examination of the role of zomd and meridional winds in promoting the westward expansion of

the SST cold-tongue in section 6C. Morllentlllll-ba]  a])ce and evolutionary-role assessments lead

to the formulation of a ‘westward expansion hypothesis’ in section 612. ~’he robustness of the

observational bases of the proposed ‘westward expansion hypothesis’ is ascertained in 6F, while

subsection F concludes section 6 with the display and discussion of semi-annual variability in the

eastern Pacific. The coupled seasonal-cycle evolution in the eastern Atlantic is compared with

that in the eastern Pacific in section 7, and the salient features of seasonal-cycle evolution in the

Indian Ocean basin are noted in section 8. Discussion and conclusions follow in

2.  Datasets

The gridcled COADS dataset  used in this study was obtained from

section 9.

the National

Meteorological Center’s Climate Analysis Center (NMC/CAC). ‘l”he COAI)S monthly-mean
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surface winds from January 1950 to December 1987 were interpolated from a 2°x20 grid onto

a 10x20 latitude-longitude grid between 30°S and 30°N to generate surface wind stress* that were,

in turn, used to force a nonlinear shallow-water ocean model to simulate oceanic heat-content (:

thermocline depth or upper-layer thickness). Anomaly-matrix size consideration in the

undertaken combined variability analysis necessitated interpolation of the monthly-mean 2°x20

COADS SSTS and surface winds and the 10x20 Simu]ated oceanic heat-content onto a 2°x60

latitude-longitude grid, The anomalies were then converted  into hvo-month  averages to avoid

potential aliasing  of tropical intraseasonal  variability into longer-period variability. The analysis

was restricted to oceanic regions through the use of a land-sea mask containing 1399 oceanic grid

points at 2°x60 latitude-longitude resolution; even at this coarse spatial-temporal resolution, the

combined anomaly matrix size was 5596 x 228.

3. Shallow-water model

The oceanic heat-content is generated from a nonlinear absolute potential enstrophy

conserving shallow-water model (Sadourney,  1975; Philander and Pacanowski,  1981a). The

model depth is 281 m and the reduced gravity is 3.2 cm s-z. ~’his corresponds to the first

baroclinic  mode that is primari] y responsib]c  for the adjustment of the upper ocean. A 1.aplacian

friction is used with a coefficient of 5 xl 07 crn~ s-’. The shallow water model is solved on a

10x20 ]atitude-]ongitude  spherical grid between 30°S and 30°N using realistic coastal geometry.

The horizontal velocities are assumed to vanish at 530°, which tantarnounts  to the placement of

rigid walls with the no-slip condition at these ]atitudes.

—

‘Surface wind stress was generated from surface winds using a drag coefficient CL)=  1.6x103. As wind stress
is a nonlinear function of surface winds, its estimation from n~onthly-mean surface winds is likely  to bc sornewhal
underestimated. Bct[w estimates of windstrcss, devoid of this and other deficicncics,  are now available from Iki
Silva et al ,’s (1993) re-anal  ysis of (20AIX obscrvat  ions.
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The model  was started from rest, and integrated for nine years while being forced by the

COADS climatological monthly-mean wind su-ess field (that were linearly-interpolated to the

integration calendar-day and time-step); after a spin-up phase, the simulated seasonal changes

during  the 7th, 8th and 9th year became rather similar, suggesting the establishment of a quasi-

equilibrjum response in the tropical Pacific. After this 9-year spin-up, the model was forced by

COADS monthly-mean wind stress from 1950 to 1987. The variability of the shallow-water

model simulated oceanic heat-content during 1967-1979 has been compared with tide-gauge

measurements, and with the simulations of the GF+’D1.’s OGCM, and the agreement amongst them

was good (Chao,  1990; Chao et al., 1993).

4. Analysis method

The rotated principal component analysis (RPCA) technique is employed to extract the

recurrent modes of combined ocean-atmosphere annual-cycle (and interannual)  variability across

the global tropics. The RPCA technique can isolate recurrent modes of combined variability (of

any number of variables) by simultaneously analyzing the structure of the auto-covariance

matrices (associated with each variable) and the cross-covariance matrices (between all pairs of

variables in the combination). The efficacy of this method in extracting the trLl]y-COUpld

variability modes increases with the number of variables in the combination (Nigam and Shen,

1993); in case of a four-variable combination, like the one used in this study, the cross-

covariance submatrjces outnumber the auto-covariance  ones by 3 to 2. When analyzing

combined variability, the individual variables arc put on par with each other by dividing each of

them by the square-root of their spatially-averaged variance (and not by

deviation). The advantages of

given in section 2 and appendix

this strategy and a detailed description of

A, respectively of Nig,am and Shen (1993).

their local standard

RPCA algorithm is

The RPCA analysis
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of combined variability of U,, V,, SSTS and oceanic heat-content2  (HCO.) undertaken here is based

on the spatial  recurrence criterion alone, but such analysis should nonetheless provide interesting

evolutionary information if the spatial variability associated with different frequencies is

and when HCOn variability is not in phase with that of the other 3 variables

the interannua]  time-scale).

sufficiently distinct,

(as, for example, on

The annual-cycle related variability has traditionally been extracted by focussing  on the

evolution of clirnato]ogical  month] y-means (e.g., Mitchell and Wallace, 1992) but the results

obtained from such analysis can be potentially compromised by the presence of significant sub-

annual harmonic variability (e.g., semi-annual variability in the tropics). Alternative strategies

include performing harmonic analysis of local  temporal variability (e.g., Here], 1982), an

extended empirical orthogonal function (EEOF) analysis of spatio-tempoml  variability y (e. g.,

Weare and Nasstrom, 1982), or the nearly equivalent multi-channel sit~gu]ar spectrum analysis

(M-SSA) of combined variability (e.g., Robertson et al., 1994). ‘l’he undertaken analysis, in

contrast, focuses on recurrent spatial structures of variability (both within a variable and across

the varjable-combination),  and succeeds in extracting annual-cycle related variability only because

of the latter’s distinctive spatial structure. The extracted annual-cycle variability is rej~resented

by

5. .

two modes that are in temporal quadrature with a spatially-dependent lead/lag relationship.

Compact description of tropical ocean-atmosphere annual-cycle variability

The two-leading recurrent modes  of combined variability, shown in Pigs. 1 and 2, and

explaining 41% and 19% of domain-averaged variance, respective] y, are clear] y associated with

annual-cycle variability across the global tropics; the phase relationship between their coefficient

—.. ——

211Cm and SSTS arc somewhat directly rclaled  10 MCI) o[hcr in the cas[crn tropical-ocean basins where [he
lhcrmoclinc  is climatologically  shal]owcr;  however, as such regions arc, arcally,  a modest fraction of the global
tropics, wc assume I]COn and SSTS to he quasi-independent variables in the undertaken analysis.
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time series indicates that these two modes are temporally in quadrature. The structure of these

annual-cycle modes is however insensitive to the inclusion/exclusion of HCO,, anomalies in the

combined variability analysis3, in accord with the findings of Chang and Philander (1994) and

Wu (1994) regarding the unconnecteclncss  of thermocline-depth  variations and SST annual-cycle

variability,

The first mode, peaking in July4, is the ‘monsoons] mode’ as apparent from the robust

large-scale onshore flow over the warmer northern continents: Indo-China,  Central America, and

western Africa. This mode has anti-symmetric (about the equator) zonal winds and quasi-

symmetric meridional winds with a relative minimum in amplitude at the equator. l’he notable

features of the SST component are its near anti-symmetricity about the equator, and the z,onally-

asymmctric structure in the equatorial central and eastern Pacific due to excursion of positive

SST contours southward of the equator in the central Pacifics, and nascent cold-tongue

development about 2°S in the eastern Pacific (and Atlantic). In the eastern Pacific, this mode

has considerable resemblance to Mitchell and Wallace’s (1 992) climato]ogical  ‘May minus March’

differences in SSTS and surface winds, for the field-tendency [= (3/n) times this difference] is

in lag-quadrature with the field itself (as in any oscillation).

The second annual-cycle mode (Fig. 2) peaks in

anti-symmetric zonal  winds, but weakly anti-symmetric

October, and is characterized also by

meridional winds, particularly, in the

3Whcn  IICO. is cxcludcd  from the combined variability y anal yscs,  the t we-leading annual -cyc]c  modes explain
4970 and 1970 of tbc domain-averaged variance, rcspcctivc]y.

4LJsc of two-month averaged data for annual-cycle variability analysis affords a phase resolution of 60°,
which is insufficient to accurately locate the phase maxim um/minimun~.  The variability analysis was thcrcforc
repeated with monthly-averages, and that showed this mock to peak in J U1 y.

‘This  is a robust feature as i[ is present in the annual-cycle medcs  cxtractcd  from analyses of monthly-
avcragcs,  two-month averages (both  JF,MA,MJ, etc., and DJ,FM, AM, CIC. ), and three-mon[h averages.
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central/eastern Pacific (and Atlantic) where the fully matured SST cold-tongue(s) are now quasi-

symmetrically placed about 2°S, “l”his mode represents the peak phases of annual-cycle variability

in the eastern ocean basins. Its structure shows the south central and eastern Pacific to be devoid

of significant annual-cycle related surface-wind activity during the transitional seasons. The

coefficient time series of the second mode, unlike that of the first mode, contains evidence of

on the interannual

and the phase of

1982),

time-scale---not surprising, in view of the linkage

seasonal-cycle variability in the cmfem  Pacific

weak amplitude-modulation

between El Nifio evolution

(Rasmussen and Carpenter,

The positive SSTS (with weak gradients) in the equatorial  central Pacific (1 80°- 120°W)

occurring westward of the nascent cold-tongue in July (in Fig. 1 ) appear to result from the

persistence of warm-tongue SSTS from April when the ‘monsoonal  mode’ has near-zero

amplitude, and the second annual-cycle mode (Fig. 2) maximum negative amp]itude.  This aspect

of SST annual-cycle variability is more clearly brought out in Fig. 3 which shows the composite

seasonal-march of the ‘4 °S–EQ latitude-band averaged’ SSTS in both of the annual-cycle

variability modes. These modes are in temporal quadrature, as noted before, but their quadrature

phase-relationship is spatially variable (lead/lag)----for example, the second combined-mode’s SS”1’s

lag the first mode’s SSTS by 3-months across the equator excepting the (1800-- 120°W) sector and

the Maritime Continent longitudes (90°E– 120011), where the former lead the latter. Such spatial

variability in the temporal quadrature phase-difference between two annual-cycle modes

essentially depicts spatial variability of phase in harmonic analysis, e.g., the westward

propagation of phase of the SST annual-harmonic in the equatorial eastern Pacific (Ilorel, 1982).

‘1’he composite seasonal evolution of total SST annual-cycle variability (: RI .V 1 +RI,V2), shown

in the bottom panel of Fig. 3, graphically displays this coherent westward phase-propagation in
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the equatorial eastern Pacific and Atlantic basins, The westward propagation of SST-phase

continues coherently past the dateline even though SST annual-cycle amplitudes are much smaller

there. In contrast with the above, a ‘somewhat less coherent’ but eastward SS1’-phasc propagation

is evident over the equatorial Indian ocean, with the SST annual-cycle signal emanating from the

coastal upwelling/downwelling changes along the Somali coast.

6. Evolution of the Pacific SS’I’ cold-tongue

The growth of SS1 cold-tongue in the northern stll~~l~~er-to-atltt)l~~]~  months is purportedly

initiated by the May/June monsoonal  winds that are predominantly along-shore (and northward)

over the colder southern continent, and on-shore over the warmer Central American landmass

(Mitchell and Wallace, 1992). ‘l’he July southeast trades in the equatorial eastern Pacific

comprise of northward cross-equatorial flow and equatorial easterlies that appear to bc

dynamically consistent with the SST-gradient driven sea-level pressure (psi) gradients (1.imlzen

and Nigam,  1987), The longitudinal structure of the 4°S–I;Q band-averaged July and October

surface-winds, SSTS, and (SS”1’), is displayed in Fig. 4 to facilitate clynamical  understanding of

the forcing of zonul  surface-winds in the cold-tongue’s core-regiom -for the influence of

meridional SST-gradients will be minimal in cold-tongue longitudes in latitude-band averages that

are centered on the SST cold-tongue’s core latitude (-2°S).

A. The ZOIliil  rno?nentum  balance

We first focus on the forcing of the zonal  wind component considering its potential role

in promoting the cold-tongue’s westward expansion via Ekman driven equatorial upwelling.  The

approximate tnomentutn balance for steady tropical near-surface winds is: Cuu= fv – p, /pO;

Cvv= - fu -- pY /pO where CU and C, are the Rayleigh  friction coefficients with &u< Ev (Dcscr, 1993),

and the rest of the notation standard. Clearly, the zonal variation of the Coriolis  torque ( fv), due
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to xmal varia(ion of the meridional windb,  has the potential to obfuscate the recognition of any

general phase relationship between the zonal  wind and zonal SST-gradients in this 4°S--13Q band,

An inspection of the longitudinal structure of July SSTS and zonal  winds in Fig. 4 shows

the cold-tongue’s western edge at -120”W (as determined from the zero-crossing of SSI’S),  but

z,onal SST-gradients to be maximum-negative further eastward (-95°W) just where the easterlies

are the strongest. In the extreme eastern Pacific, the July zonal SS1’-gradient vanishes at 90”W,

and is positive eastward of it; again, in accord with the Lindzen-Nigam  hypothesis (hereafter,

the I. N-hypothesis), the July zonal  wind vanishes in the vicinity of 90”W, and is westerly fulther

to the east. Westward of the cold-tongue’s leading edge, the July zonal SSrl’-gradients  are weaker

but still negative, and the zonal winds weak easterlies, as expected. The zonal SS’1’-gradient

vanishes at -1 So”W, and remains quite weak westward of this ]ongitude  as cold-tongue SSTS are

confined to the east of -130°W in Ju]y. For the same reason, the meridional SS7’-gradients are

more significant westward of the cold-tongue’s longitudes (i. e., westward of 150°W in July; see

the SST-panel in Fig. 1), as also evident from the increased strength of the July southcr]  y flow

in these longitudes. The forcing of zonal winds westward of 150”W is discussed in footnote 6.

exhibi

winds

The October zonal winds and SSTs in the longitudinally expanded cold-tongue core region

a zonal phase relationship similar to that seen in the JLJly period, e.g., the October zonal

vanish at -95”W,  precisely, where (SST)X vanishes, and are westerly eastward of this

——

bMore precisely, u= --[rW p,+ f pY]/{ pO(fz+@  }, and v= [-E, p,+f pX]/{  pO(P+&u&v) ]. At the central latit udc
Of the cold-tongue (or in the 4“S–EQ latitude-band average), v should be small in the cold-tongue’s longitudes for
its direct forcing by mcridiorwd  SS’I’-gradicnts vanishes there, i.e., the meridional SST-gradient contribution to pY
vanishes there, and so pY is cxpcctcd to be small  in such longitudes. pX, on the other hand, is not small  in the cold-
tongue’s longiludcs,  but it is multiplied by fP~, so v should bc small in these longitudes, in both July and C)ctobcr,
as asccrJainable  from Fig. 4. Westward of the cold-tongue’s longitudes, the SS1’-gradicn[  related p, is small but not
the related p,; in these longitudes, u is determined by (11c rncridionol  SST-gradient related pY, and also by 7,01K11
variations in the “free” (i.e., SS”I’-gradicn[  lmrclatcd)  conlponcnJ  of the pressure ficIc1. l’hc asymmetry in C, and ~,v
further bcdstcr  (hcse arguments.
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longitude where (SST), is positive. Westward of -1 OO”W, (SST)X is negative and so are the

zonal winds. The July and October (S S1’)X are, in fact, quite comparable in the 135”W-1 10“W

sector, but the zonal winds begin to differ westward of 120”W, with the October winds becoming

more easterly. At 130”W,  the October easterlies are twice as strong7,  and also stronger than the

October easterlies at 11 O“W where (S S’l’)X is about  twice as large as that at 130°W.

This longitudinal discrepancy in October is, perhaps, a reflection of enhanced C.u (and ~)

across longitudes in which cold SSTS have persisted from July to October. This enhancement

is due to a decrease in planetary boundary layer (PI] ],) height8  and/or near-surface P]]].

stabilization, both of which would lead to increased stress-divergence, and hence, enhanced

damping of the near-surface ffow. The increased &U and ~ will result in attenuation of both u

and v, but the impact is greater on u as the 4°S- EQ averaged v is nearly zero to begin with in

the cold-tongue longitudes. Composite atmospheric soundings over cool and warm eastern-

Pacific SSTS, displayed in Figs. 5 and 6, respectively, in Bond (1992), graphically depict the

near-surface PB1. stabilization due to decrease of the underlying SS”1’s.

In summary, we find the annual-cycle related (SST)X and zonal winds in the cold-tongue’s

core region to be related as envisioned in the LN-hypothesis [: u ~ (SS”I’)X]. A visual assessment

of the validity of this hypothesis can be obtained by noting the correspondence between the

(SS’1’), and u fields in the 130”W- 85”W sector in JLII y, and the 160”W-- 85”W sector in October.

“1’he  correspondence in July is, indeed, remarkable both in phase and amplitude, but the amplitude

7g’hc  diffcrcncc  between July and Oc[ober  easterly-wind strengths in [hc 135 °W-1250W sector, where [hc
July (SS3’), forcing and meridional winds are nearly identical [o ihosc in October. is quite intriguing.

8Thc Rayleigh  friction coefficients depend inversely on PBI. height (IJO),  whereas the SST-gradient driven
sca-level pressure-gradients in the Lindzen-Nigan]  rnodcl  arc line.ar]y  dependent on HO. The sensitivity of the I’B1.
flOW tO a % reduction in HO, discussed in Section 4 in Lindzcn and Nigam (1987), consists primarily of a % reduction
in u, and little (< 570) chnngc in v,
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correspondence in October is not as striking

from variations in PBL height, as discussed

il. The meridional momentum balance

due to the zonal variations in &u (and Ev) that result

above.

We next examine the forcing of meridional winds at 100 °W---a longitude that is well

within both the nascent and mature phases of the Pacific cold-tongue, and one where meridional

and zonal  winds are rather typical of the flow in the 130°W--900W  sector. Fig. 5 shows (f*u),

v, SST, and (SST)Y as a function of latitude during both July and October, just as in Fig. 4.

The off-equatorial expansion of the SST cold-tongue from July to October, with strongest

cooling occurring in the southern latitudes, is clearly evident in the third panel. The ceniral

latitude is at 10S in July and close to 3°S in October; the meridional wind however vanishes (or

is a minimum) at 3°S and 5°S, respectively, i.e., about 2° southward of the (SS1’)Y=O latitude, in

both these months. This variance from the I.N-hypothesis can be alternatively viewed by not~ng

the non-collocation of @v/~y)n,,X and (SS’l”),,,i,,, for if VM(SST)Y, as in 1.N-hypothesis, then

@v/~y)n,,X  must be located where (SST)YY is maximum, or where SSTS arc a minimum. The

meridional divergence is maxitnum at -4°N in July, and at -1 ‘N in October, i.e., about 4°

northward of the expected latitude in both months, The meridional wind is similarly maximum

not where (SST)Y is maximum, but about 4° northward, at 7°N and 5°N in July and October,

respectively. Most of the above noted departures from the ‘VK(SS”I’)Y structure’ hypothesis can

be summarized as the general tendency of the. meridional wind speed to be biased towards the

warmer neighboring SSTS.

The reasons for the non-collocation of latitudes of @v/dy)n,,X  and (SSrI’)n,in in the equatorial

eastern Pacific have been investigated by Wallace et al. (1989), and, more recently, by Bond

(1992) whose analysis was briefly discussed in the preceding subsection. ‘1’hese studies indicate
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that, in addition to the controlling influence of SST-gradients, the near-surface static stability

variations (forced by SST-gradients, too) play an important role in modulating surface-wind sped

through their impact on PBL height–-for example, as one moves nord~ward across the nollhern

SST-front [: where (SST)Y is maximum], the near-surface destabilization leads to an increase in

the vertical range over which horizontal-momentum dissipation occurs, and therefore to reduced

&v, and hence, greater v and (dv/dy) over these latitudes, This aspect of SST-forcing is

potentially parameterizable in the I.. N-nlode1 (by making &U and &v dependent on SS7’s).

]n sllInlnarY,  VOC[(SS~Y]/~V with EV dependent  on SSTS, is a better approximation than

V=(SST)Y. Note, however, that the PB1. static-stability variation argument, which helps in

understanding amplitude-modulation, cannot explain the meridional flow structure across the

southern SS’I’-front  (-5°S) in July, as even

hypothesis .

C. Role of zoncil  . vs. meridiomrl  winds in

the flow-direction there is at variance with the LN-

easlern  Pacific wznnd-cycle  evolnlion

Mitchell and Wallace (1992) have analyzed  the annual variability of SS”1”s, surface winds

and Outgoing Lcmgwave  Radiation (OLR), and found the meridional winds associated with the

continental monsoons to play a central role in, at least, the initial expansion (till -120°W) of the

cold-tongue. Their conclusions in this regard ale essentially based on a) noting the similarity

in the structure of SST-reduction occurring southward of the intensifying northward flow in the

0°- 5*N band during June/July, with the SST-reduction

experiments (e.g., of Philander and Pacanowski, 1981 b)

patterns obtained in ocean-modeling

in response to northward wind stress

9Although  the meridional wind at the sou(hcrn  SS?’-front  is no[ from the norlh,  i[ is noncthc]css  minimum
there, The rcduccd  sensitivity y of meridional wind to (SST), variations in these southern Iatit udcs (and at 10OOW’)
results, perhaps, from the positive. feedback intcracticm of the Iow-level stratus decks and SSTS that leads to rather
shallow boundary layers in this region (Mitchell and Wallace, 1992).
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forcing at the northern edge of the equatorial waveguide,  and b) and on noting the phase leacl/lag

of monthly-mean zonal (meridional) winds w.r.t. SSTS in the 4“S-4”N latitude (104 °W–860W

longitude) band.

It would be difficult to remark on the suitability of theirfirsl  argument in this diagnostic

study. It is sufficient to note here that, although, Mitchell and Wallace base their conclusion

partly on it, they caution the reader against a ready acceptance of their first argument by citing

a number of other ocean-modeling studies (e.g., Busalacchi  and O’ Brien, 1980; Takeuchi,  1988)

that demonstrate the importance of the annual-march of zonal wind stress in accounting for the

SST annual-cycle in the equatorial eastern Pacific.

Mitchell and Wallace’s second argument is based on diagnostic analysis, and as such, can

be analyzed here. Using ]ongitude-time  diagrams (their l~ig,.  12)’0,

that easterly-tendency does not temporally lead the cooling at

120°W-–such a lead would be critical to arguments advancing the

Mitchell and Wallace find

the equator except near

importance of zonal-wind

changes in the initiutiotf  of cooling along the equator. We re-examine the temporal evolution of

annual-cycle variability, as captured by the two-leading combined modes (Figs. 1 and 2), in the

4°S--EQ latitude band in Fig. 6. Examination of this figure reveals that:

● In the coastal zone (eastward of 10OOW),  SS1’-cooling  begins in April, when there

exists, essentially, a southerly surface-wind tendency in this sector. ‘I’he easterly-tendency in the

coastal longitudes occurs far too early in the year (Dccen~ber–January)  to be plausibly connected

with the April coastal cooling. Given this, there is little doubt that SST-cooling in the coastal

zone is initiated by the slackening of local northerly winds in April. An inspection of the timings

—-— .——

10This figure is based on COADS  n)onth]y-mewl  clima[o]ogy  of zonal wind-stress and SS1’s, but as the
annual-rncans  arc not subtracted out, discerning temporal phase  lead/tag between these two fields  is, difficult,
particularly, in the equatorial em(crn Pacific.
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of n~aximun~-SSTs  and maximum-northerlies

meridional wind changes in the coastal zone.

in I~ig.  6 indicates, perhaps, a half-month lead of

F Beyond the coastal zone (westward of 10OOW), SST-cooling begins in April too, but

this time there exists robust easterly and modest southerly surface-wincl  tedetzcies  in this sector.

The southerly wind-tendency in this sector is not only weak, but also likely to be ineffective in

modulating upwelling, and hence SSTS, far away from a north-south coast. The April SST-

cooling in this sector must therefore result from the Ekman generated equatorial upwelling  that

is forced by the March-onwards slackening of local westerlies.

There is, thus, evidence that surface zoml-wind  changes play a rather important role in

engendering the warm-to-cold phase (and vice-versa) transition of the ocean-atmosphere annual-

cycle in the off-coastal longitudes (westward of 10OOW) of the equatorial eastern Pacific.

Mitc}wll and Wallace have discounted the role of zonal windstress  changes in engendering

annual-cycle related SST-changes, in part, through their observation that “J;arther to the west (of

120°W), the increase in stress (westward) is observed too late in the year to account for cooling

during Phase J (March- to-May).” While it is true that the easterly-tendency at 140°W is most

pronounced during June--August (see Fig, 6), i.e., two months after the initiation of coasti~l

cooling, this easterly-tendency still leud~ the SS1’-cooling  at this longitude. The local temporal

leadflag  relationships are, perhaps, more germane

tropical ocean-atmosphere annual-cycle variability.

for understanding the mechanism governing

The above-noted phase-relationships of zonal

and meridional surface winds with SSTS, while most pronounced in the 4°S- IIQ band-averages,

are clearly evident also in wider latitude-bands that are centered on 2°S (e.g., the 6°S- 2“N band).

Finally, one must ask how the annual-cycle variability, obtained by

annual-cyc]e modes extracted from an RPCA analysis of combined tropical

summing the two

ocean-atmosphere
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variability, compares with that obtained by calculating the departures of the climatologica]

monthly-means from the annual-mean? Results of the latter calculation with COADS ‘4 °S- EQ’

averaged data are displayed in Fig, 7 in a format identical to that of Fig. 6. Comparison of these

two figures indicates remarkable similarity in SST-evolution except for the somewhat stronger

amplitudes and somewhat more extended westward propagation of warm-phase SSTs in Fig. 7.

The amplitude-asymmetry between the annual-cycle’s two phases is however striking in the

surface-wind evolution panels of Fig, 7, indicating, perhaps. the presence of sub-annual harmonic

and/or aliased  variability in the COADS’S c]imatological  monthly-mean departure (from the

annual-mean) fields---such variability components are

analysis even though that analysis was based on the

inadvertent presence of sub-annual harmonic and/or

separated out in the undellaken  RPCA

spatial-recurrence criterion alone. ‘l’he

aliased variability in a ‘climato]ogical

monthly-mean based’ annual-cycle variability analysis (e.g., of Mitchell and Wallace, 1992, or

Fig. 7 of this study) also distorts some of the above-noted temporal phase lead/tag relationships

(compare Figs. 6 and 7) that are revealing of

atmosphere annual cycle in the eastern Pacific.

the dynamics governing the coupled ocean-

11. The west ward expansion hypothesis

The analysis of zonal and meridional

phases of the Pacific cold-tongue, presented

momentum balance across the nascent and mature

in section 6A and 6B, shows the equatorial wind,

and, in particular, its zonal component to be dynamically consistent with the cold-tongue related

SST-gradients. An examination of the annual evolution of zonal  and meridional winds and SS”1’s,

moreover, indicates the importance of zona]-wind  changes in generating SST-changes in the

Pacific off-coastal longitudes (westward of 10OOW). ‘1’aken together, these findings, suggest the

following equatorial air-sea interaction scenario for the westward expansion of the cold-tongue:
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➤ The zonal SST-gradient is negative at the leading edge and positive at the trailing edge

of the cold-tongue during July (cf. Figs. 1 & 4), The generation of negative zonal  SS1’-gradients

at the leading edge is significantly aided by the June-to-July presence of wamler SSTS in the

equatorial central Pacific (1 800–120”W) that have been noted before in Figs. 1 A 3,

➤ The zonal wind forced by these ‘SS3’-gradient driven’ sea-level pressure gradients should

be maximum easterly (westerly) at the leading (trailing) edge of the cold-tongue, or more

precisely, where SST-gradients are l~lininlutin~axil~lun~.  As noted in discussion of Fig. 4 above,

the longitudinal structure of both July and October zonal  winds and SSTS in the 4°S- EQ band

is quite consistent with the ‘SST- zonal  wind’ phase-relationship stlggested  by the LN-hypothesis.

~ The easterlies at t}~e  co]d-tonglle’s  western edge generate colder SS”1’s there  through

Ekman-pumping driven equatorial upwelling-  -such equatorial air-sea interaction via which colder

SSTS arc successive y generated at the western edge of t}~e old ones, leads to the westward

expan,$ion  of the cold tonguel  1.

P In view of the above discussed enhancement of Rayleigh  friction coefficients (c.u and

&v) due to PBL stabilization over expanding colder waters, the easterlies slacken bchincl  the

leading edge of the cold-tongue, leading to moderation of equatorial upwelling  there, and this,

perhaps, limits the coldest SSTS that can be generated in the cold-tongue’s core region.

E The westward expansion of the cold-tongue occurs till October/November when its

leading edge is close to 160°W. l-he above described equatorial air-sea interaction terminates

at -160°W because the z,onal wind in its vicinity is no longer proportional to (S S~’)X, as evident

from Fig. 5, This lack of proportionality between a and (SS’1’),, when both are quite small, as

1 lThc emtcrly  surface winds to the west of the cold SSTS should also,  wtvectivcly,  facilitate [hc westward
expansion of the cold tongue.
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near 160°W, is not surprising in view of the everpresent “free” component of the pressure field,

and its relatively more significant impact on surface winds in such ‘SST-gradient devoid’ regions.

Rut why are the generated z.onal SST-gradients in this equatorial central Pacific region so weak?

“r’he answer to this, perhaps, resides in the second-order attenuation of Ekman-clriven  entrainment,

resulting from the rdpid westward deepening of the annual-mean thermocline  across the

longitudes in question,

The demise of SST cold-tongue occurs in an equally interesting manner, and is initiated

by the weakening of along-shore southerlies in the equatorial eastern Pacific in November. This

slackening of the along-shore southerlies, relatable to the transition between northern and

southern summer monsoonal  flows, leads to reduction in coastal upwclling  and consequent

weakening of the cold-tongue; a nascent warm-tongue, in fact, appears in the equatorial eastern

Pacific at, as early as, December’s end, as evident from the display of the extracted SST annual-

cycle variability in the bottom panel of Fig. 3.

The westward expansion of the SST warm-tongue during January to April proceeds in

much the same manner as the above described expansion of the cold-tongue, and is again aided,

initially, by the presence of oppositely-signed (cold) SSTs in the equatorial and south-equatorial

central Pacific in the November-January period (Pig. 3). A warm SS”1’  anomaly in the equatorii~l

eastern Pacific should  generate westerlies (easterlies) at its western (eastern) edge if sea-level

pressure gradients are determined largely by the local SST-gradients. Equatorial air-sea

interaction will again lead to westward expansion; this time, however, surface westerlies at the

western edge of the warm SS’1s will not advectively  aid the westward expansion of warm SSTS.

1<. Robustness of the observational bases  for the westward expansion  ltypotlu?sis

The westward expansion hypothesis, developed in subsection 6D, was based on the
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analysis of zonal and meridional momentum-balances along the 4“S-EQ  band and along 100”W,

respectively, during both July and October. In this section, we ascertain the robustness of the

observational bases for the proposed westward expansion hypothesis by examining the evolution

of annual-cycle variability (: RLV1 +RI.V2)  in the 6°S–20N latitude-band in Fig. 8.

The westward expansion hypothesis is based on the following two observations: First, that

the easterly-tendency temporally leads local SST-cooling in the off-coastal longitudes of the cold-

tongue’s core region, which is equivalent to the zonal wind leading the SS’1’s at these longitudes.

The phase-lead in monthly-units (8), with 0<8<6,  can be estimated from the temporal distance

of u and SST nodal lines in the evolution diagrams. An inspection of Fig. 8 shows that even in

this 8° wide latitude-band, the zonal  winds lead SS’1’s in the off-coastal eastern Pacific longitudes,

and that the phase-lead (6) is about a month in the 140”W- -1 10“W sector.

~’he second observational basis for this hypothesis is that the zonal pressure-gradients in

the cold-tongue’s core region are thermodynamically consistent with the zonal SST-gradients (the

I.N-hypothesis), i.e., pXCC--(SST)X. I’his, together with the discussion of zonal-z~~ot~lentll~ll  balance

in section 6A, suggests that u=[(SST)X]/~  , or that zonal wind and SSTs are out-of-phase by a

quarter Z,onal-wavelength,  with the zonal-wind  leading the SSTS. 3’he conoborative  search for

such a relationship in the 140”W–80”W  sector in Fig. 8 is, perhaps, best conducted by noting the

zonal lead/lag of nodal lines (and not of the extremums)  in view of the modulation of zonal-

wind amplitudes from ~‘s dependence on SS’l-s (see section 6A). An inspection of Fig. 8 reveals

that the quarter zonal-wavelength  phase-difference noted between u and SSTS in the 4°S-EQ

band in Fig. 4, is also present in the ‘6 °S--20N latitude-band averaged’ u and SS’1’s; in both

instances, u leads the SS1’s–--in  accord with the I.N-hypothesis. Consider, for example, the zonal

winds at the end of September, when u has a node in the eastern Pacific at -95”W  just where
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the SSTS are a minimum [and, therefore, (SST) X=O]; further to the west, the easterlies are

maximum at -120°W, precisely, where (SST)X is maximum-negative.

In summary, we find broad validity of the observational bases upon which the westward

expansion hypothesis is founded. The undertaken analysis of annual-cycle variability indicates

that easterly-tendency leads SST-cooling in the off-coastal longitudes by about a month. Such

time-delay in the SST-response is in accord with Neelin’s  (1991) estimation of the IIkman-driven

equatorial-upwelling  response time-scale from anomalous upwelling  of mean temperature

gradients, which is also -1 month.

F. Semi-annual cycIe in the eastertl  Pacific

The sub-annual harmonic and/or aliascd variability obtained by compositing  the variability

represented by the eight-leading ‘no)l annual-cycle’ modes (R] ,V3--R1 ,V 10)lZ extracted from an

RPCA analysis of combined variability, is ciisplayecl in Fig. 9. This variability is evidently

dominated by the semi-annual component which is ultimately forced by the semi-annual cycle

in solar-declination within i23.5°  of the equator. A comparison of Figs. 9 and 6 shows a nearly

complete semi-annual cycle spanning any one phase of the annual-cycle, The skewness in semi-

annual warm-phase amplitudes between March--May and Septen~ber-Noven~  ber likely results from

the second-order influence of the SST annual-cycle.

“l’he evolution of semi-annual variability is quite reminiscent of the annual-cycle evolution

discussed earlier, in that, coastal meridional wjnds are nearly out of phase with the coastal SS1’s;

interestingly, the ratio of SST-to-meridional wind amplitudes along the South American coast is

12The 38-year long coefficient lime-series of each RL,V was proccsscd  just as the COADS data that
gcncratcd  Fig. 7, and then multiplied with the corresjmnding  RI.,V. Virtually all of the low-frequency variability
is contained in the firs[-ten modcs, for their SUM (Fig.  6 plus Fig. 9) is indistinguishable from Fig. 7. R1,V3 and
RI ,V4 arc El Nifio related intcrannual  variability y modes whose st ructurc/dyn:m]ics  is discussed in a scparalc paper,
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-1 both in case of semi-annual and annual-cycle variability. Although, northerly winds barely

lead the warm SSTS along the Pacific coast, they appear central to the generation of warm coastal

SSTS (via Ekman  clownwelling)  in view of the rather weak zonal-wind tendencies there, and that

too, easterly, in the months prior to the peak warming in March/April. As before, the zonal-wiml

changes appear to be impoltant in generating SST-changes in the off-coastal longitudes, e.g., the

easterly-wind tendency, which is maximum at the nodal line of u, leads SST-cooling by about

a month in the 140 °W---1000W sector. The slopes of SST nodal lines in this sector are however

not as steep as those in Fig, 6, indicating

phase–-for reasons not understood at the

faster westward propagation of the semi-annual SST-

present time.

7. Evolution of the Atlantic SST cold-tongue

The Atlantic seasonal-cycle evolution is quite similar to that in the eastern Pacific as

evident from an examination of surface-winds and SS”1’ structures in the two-leading annual-cycle

variability modes (Figs. 1 and 2). At the peak of the ‘monsoonal  mode’ (i.e., July), both the SST

cold-tongues are coastally-connected in the southern tropics, have their central latitude at -2°S,

and have similar longitudinal extent (which in case of the Atlantic cold-tongue, is almost the

entire tropical Atlantic basin). The notable differences between them include the stronger

amplitude of the Atlantic cold-tongue, and the absence of a sharp equatorial SST front at its

northern flank. During October, when the ‘rnonsoonal mode’ is changing phase (i.e., going

through a zero-crossing) and the second annual-cycle mode (Fig. 2) is at its peak, the Pacific

cold-tongue is more robust, and because of basin-size considerations, more zonally  and

meridionally extended too.

The Atlantic annual-cycle evolution is however not synchronous with the eastern Pacific

annual-cycle evolution, as revealed by the longitude-time display of extracted annual-cycle
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variability in the 4°S–EQ latitude band (Fig. 6) or in the 6°S–20N band (Fig. 8). q“he SST

evolution in the Atlantic leads by at least a month--- the coastal cooling kgins in mid-}~ebmary,

albeit weakly, but gathers momentum only in April when SST-cooling is evident across most

Atlantic longitudes. Prior to the concerted April cooling, the surface winds exhibit an easterly-

tendency both in the coastal sector (OO–l OOE) as well as in the central Atlantic (20 °W-00), and

essentially a southerly-tendency further to the west. The phase-lead of such surface-wind

tendencies indicates, as before, the impollance of equatorial air-sea interaction of zonal-wincls  and

(SST), in promoting the westward propagation of SST-phase across the eastern and central

Atlantic. The SST-evolution in the western Atlantic is

presence of a northwest-to-southeast oriented coastline.

more difficult to understand due to the

8. SST annual-cycle in the lndian Ocean

The SST annual-cycle amplitudes in the

of those in the eastern Pacific and Atlantic (see

equatorial Indian Ocean are only about one-fifth

Iiig. 3), but their evolution is notable because of

an apparent eastward propagation of SST-phase across most Indian Ocean longitudes. An

examination of surface winds and SSTS associated with the seasonal (July) onset of Asian

summer-monsoon (Fig. 1) however reveals the zonal wind (and SSTS) to reverse phase across

the 5°S–EQ  band in the Indian Ocean longitudes, which suggests that annual cycle evolution in

the Indian Ocean should be analyzed, separately, in the northern and southern equatorial basins.

We focus here on the northern equatorial basin because of its proximity to both Asia and Africa,

and annual-cycle variability in this region is displayed in Fig, 10 via the 2°N–60N band-averages.

The annual evolution of zonal and meridional

Indian ocean is so similar in the off-coastal longitudes

must be: &Uu = fq.~ v, and E VV = -f~.~u  -- pY /pO, with

surface winds in the northern equatorial

that the surface momentum balance there

eU=fAO~  [or -(1.2 days)”l]  in the eastern

22



]ndian Ocean. This &u value is similar to that diagnosed from a more careful analysis of surface

momentum balance over the equatorial central/eastern Pacific (e.g., Dcser, 1993). The phasing

of SSI’S w.r.t. meridional (or zonal) winds along the Somali coast is such that southwesterly

winds (part of the low-level Somali jet) lead cold S STS by about

increasing eastward in the off-coastal longitudes (50 °E--650E).

a month, with the wind-lead

While the SST-lag of about a month along the Somali coast can be attributed to the

Ekman-driven coastal upwelling  response time, the greater SST-lag in off-coastal longitudes is

more difficult to understand. As SSTS in the off-coastal and off-equatoria]  oceans that are warm

in the annual-mean (like the northern equatorial Indian Ocean) change also in response to surface

wind-speed variations, which modulate both the latent-heat flux as well as vertical stirring of the

oceanic mixed layer, the surface wind-speed variabilityls  associated with the annually evolving

surface winds is also shown in Fig. 10 to facilitate understanding of the SS’1” annual-cycle in this

oceanic region’4.

The surface wind-speed in off-coastal longitudes begins increasing in April, and attains

maximum amplitude at the end of JLlly;  the July wind-speed is largest at -85°1:  and smallest at

–65°E. If the wind-speed variations controlled SSTS (thrOUgh changes in latent-heat flux and

vertical stirring), the above zonul  variation in wind-speed increment would initiate gradual

cooling at -65°E, and rapid cooling at -85°E,  both as observed in the SST-panel of Fig, 10, The

surface wind-speed is most intense at the end of July at which time the SS”I’-cooling  is also most

‘%urfacc wind-speed warkibility, also displayed in F’ig. ] O, is the dcparlurc of (OMI wind-speed (: speed of
the sum of annwd-mean and annual-cycle componcnls)  from i[s annual-nun wrluc. As such, it will contain )JWJ
annual-cycle frcqucncics  as WCII, as evidcn[  from its evolution in Fig. 10.

“Surfacc  wind-speed variability should have limited impact on coastal SSTS  which are largely dc,tcrmined
by coaslal  upwellingjdownwclling;  this assessment is, indircc[ly$ confirmed by no[ing  the prcscncc of semi-annual
cycle variability in coastal surface wind-speed, but none in coastal SS1’-variability.
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vigorous; the coldest SSTS are however realized about 1--2 months later, both at 65°1i and 85°E.

The reduction in wind-speed in the July onward period should, by the same reasoning, lead to

SST-warnling, but examination of SST-evolution indicates that the warming does not commence

until December, perhaps, because of the opposing impact of insolation forcing in this period.

In summary, the annually-evolving surface winds and SSTS in the northern equatorial

Indian Ocean basin do not appear to be dominantly governed by the coupled ocean-atmosphere

dynamics that explained, reasonably successfully, the notable aspects of annual-cycle variability

in the equatorial eastern Pacific and Atlantic. Instead, modulations of latent-heat flux and

oceanic mixed-layer stirring due to robust ‘surface wind-speed variability’ (amplitude of -3 m/s)

appear important in producing the modest SS”1’ annual-cycle (amplitude of 41.5°K) observed in

off-coastal longitudes. It is important to note that the governing dynamics, in case of the

northern equatorial Indian Ocean, is quasi-uncoupled, in that, surface-wind variability is forced

by seasonal monsoons, and not by interactions with the local underlying SS1’s (as in the other

two equatorial

9. Discussion

eastern ocean basins).

and Conclusions

This study has attempted to contribute to the elucidation of the dynamics governing the

most fundamental aspect of coupled seasonal-climate evolution in the eastern equatorial ocean

basins–-the westward/nollhward  expansion of the SST cold-tongue during northern summer and

autumn. ‘1’his contribution consists, first, of objective extraction of the combined St~LlCtll~(2  of

ocean-atmosphere annual-cycle variability from the 1950--1987 COADS month] y-mean surfacc-

wind and SSTS, and shallow-water model simulated ocean-heat content, and, secondly, and more

importantly, of dynamical diagnostic analysis of the extracted annual-cycle variability to reveal

the underlying coupled dynamics.
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The RPCA analysis, based on the spatial-recurrence criterion alone, was rather successful

in separating the combined ocean-atmosphere variability into annual, semi-annual and interannual

variability components. This method of extraction of annual-cycle variability is preferable to the

canonical method based on departures of clitnatological  monthly-means from the annual-mean,

for semi-annual and aliased interannual-variability  are not separated out via the latter method.

The

in temporal

coupled annual-cycle variability is compactly describable using two modes that are

quadrature, and whose structures are insensitive to the inclusion/exclusion of oceanic

heat-content in the combined variability analysis. Thefirst mode, peaking in July (and January),

represents large-scale monsoonal  flow onto the warmer continents: Indo-China,  Central America,

and western Africa. The second annual-cycle mode peaks in october  (and April) when it

represents the extreme phases of SS”1’  annual variability in the eastern oceans.

An analysis of zonal and meridional momentum-balances associated with the annual-cycle

related surface-winds in the Pacific cold-tongue’s core region shows the equatorial flow, and, in

particular, the zonal-wind  component, to be dynamically consistent with the ‘SS1’-gradient driven’

sea-level pressure gradients (Lindzen and Nigam, 1987) during both the cold-tongue’s nascent

(July) and mature (October) phases. Although the longitudinal phase-relationship between annual

-cycle zonal winds and SSTS is rather consistent with that expected from the l,indzen-Nigam

hypothesis [: UM(SST)X], the amplitude relationship is at some variance unless the impact of near-

surface static-stability variation (due, ultimately, to the underlying SST variations, and therefore

parameterizable) on horizontal-momentum dissipation is factored in. In summary, Um[(SST)X]/EU

and v~[(SST)Y]/&v,  with Cu and &v dependent on SSTS, are better approximate descriptors of the

surface flow in the cold-tongue’s core latitudes and longitudes than UOC(SST)X  and VOC(SST)Y.

An examination of the annual evolution of zonal and meridional winds and SSTS in both
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4°S--EQ and 6“S-2”N band-averages reveals the easterly zonal-wind  tendency to lead local  SST-

cooling both in the off-coastal eastern Pacific (140°W–1 OOOW) and in the central/eastern Atlantic

(2O”W-1O”E) by about a month. On the basis of the above-noted spatial and temporal phase-

relationships between zonal wind and SSTS in the cold-tongue’s core-region, an equatorial air-sea

interaction hypothesis is proposed to explain the westward expansion of both warm and cold-

phase SSTS in the off-coastal equatorial eastern oceans. (As noted before, SST-changes in the

South American coastal zone are initiated by the slackening of local along-shore winds.) The

salient features of the ‘westward expansion hypothesis’ in Pacific c(dd-tonglle  development are:

➤ SST-coo]ing  (from red~lced downwe]]ing),  initiated by slackening of the alongshore  April

northerlies, generates negative (SST), at the western edge of the coastal zone.

➤ ‘SST-gradient driven’ sea-level pressure gradients force maximum easterlies where (SST)X

is maximum-negative, i.e., along the western edge of the coastal zone.

➤ Easterlies at the ‘maximum-negative SST-gradient’ site (: westward of the coldest SSTS)

generate colder SSTS rhere  through Ekman-pumping  driven equatorial upwelling--such  equatori  al

air-sea interaction via which colder SSTS are successively generated westward of the previously

coldest ones, leads to westward e.~pansion  of the cold tongue.

➤ Westward expansion of the cold-tongue continues till its leading edge is at -160”W–- a

region where only modest (SST), can be generated due to the second-order attenuation of Ekn~an-

driven entrainment from rapid westward deepening of the annual-mean thermoclinc  in this region.

The proposed ‘westward expansion hypothesis’ appears to have some similarity with the

dynamics of the ‘slow SST mode’ (Neelin,  1991), although the latter has thus far been shown to

be a useful concept in understanding, primarily, the longer-period ocean-atmosphere variability

(e.g., ENSO related interannual variability). Whether dynamical results obtained in the ‘fast-wave
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limit’ are applicable to annual-cycle variability issues is uncertain. Nonetheless, it is instructive

to note that the two processes whose coupling constitutes the ‘westward expansion hypothesis’,

namely, atmospheric PBI. dynamics/thern~ody  namics that yields UM(SST)X  [1 .indzen and Nigam,

1987], or better yet, u- [(S ST)X]/cU, and Ekman  ocean mixed-layer dynamics, are also integral

components of the coupled dynamics that leads to westward propagation of the ‘slow SST mode’.

This study also finds that

>Cvo]ution-dynamics  of semi-annual variability in the equatorial eastern Pacific is

strikingly similar to that controlling annual-cycle

westward propagation of SST-phase in the former,

variability, except for the somewhat faster

➤ SST annual-cycle evolution in the Atlantic basin leads the eastern Pacific SST annual-

cycle by at least a month, and that in the eastern Atlantic coastal zone, zonal-wind  tendencies

play a more prominent role in promoting SST-changes (in at least the 4“S-EQ  band), and

> that in the northern eqLlatorial  Jndian ocean, modlllations  of latent-heat flux and oceanic

mixed-layer stirring due to robust ‘surface wind-speed variability’ (amplitude of -3 ntis} appear

important in producing the modest off-coastal SST annual-cycle (amplitude of -(). S°K).

Although encouraging, the present study leaves several questions unanswered, many of

which can be probed only by modeling experiments with controlled physics and/or dynamics.

Among them are questions such as:

What, if any, is the role of annually-varying ocean-atmosphere heat-fluxes in controlling

the pronounced annual cycle in the eastern ocean basin?

What is the mechanism governing the northward expansion of the SST cold-tongue?

The principal question for modeling studies remains whether the equatorial eastern Pacific

SS3’s respond primarily to local or remote wind stress forcing.
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FIGURE CAPTIONS

1. The leading recurrent mode of combined variability of COADS surface winds and SSTS,

and simulated ocean heat-content (HCOn ), obtained from an RPCA analysis of two-month averaged

(J+F, M+A, and so on) anomalies (from their respective climatological  annual-means). The zonal

and meridional surface-winds are shown in the top-two panels with a contour interval of 0.3 m/s,

SST component with superposed surface-wind vectors in the third panel with a 0.2°K interval and

a 5 m/s maximum vector, and }l,..

coefficient time series, shown in the

annual-cycle variability. This mode,

in the fourth panel with a 2.0 cm interval. The common

bottom-most panel, reveals this mode to be associated with

refened  to as the ‘monsoonal’ mode, explains about 41 % of

the combined domain-averaged variance of two-month averaged anomalies in the 1950- 1987 period.

All contour maps are generated from 6°10ng.  x 201st. fields, except for the wind-vectors which are

plotted at 12 °10ng, x 401st. resolution,

2. The second-leading mode of combined variability of two-month averaged COADS surface

winds and SSTS, and simulated HCO,, anomalies. It represents extretne  phases of annual-cycle related

variability in the eastern ocean basins, and explains about 19% of the combined

variance. Rest as in Fig. 1.

domain-averaged

3. The temporal evolution of the 4“S--EQ band-averaged SS”1’S in the two-leading annual-

cycle related variability modes (top-two panels), and in their sum (bottom panel). These displays

are obtained by multiplying the composite coefficient time-series (principal components) of each

mode with the corresponding rotated loading vector. The contour interval and shading thresholds

are 0.2°K in the top-two panels, and 0.4°K in the bottom panel, I’he month-markings arc at the end

of calendar months.

4. The longitudinal structure of July (open

related and ‘4”S–EQ band-averaged’ surface winds

circles) and October (solid circles) annual-cycle

(top-two panels), SSTS (third panel), and zonal
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SST-graclients (bottom panel) to facilitate understanding of the zonal-lllolllentLll~l  balance in the

Pacific cold-tongue’s core region.

5. ‘I’he latitudinal structure of July (open circles) and October (solid circles) annual-cycle

related Coriolis force (f*u) and meridional surface-winds (left-two panels), SSTS (third pane]), and

meridional SST-gradients (right-most panel) to facilitate understanding of the ~~lcridional-nlor~ler~  tl~nl

balance at a representative Pacific cold-tongue longitude (1 OO”W).

6. The temporal evolution of extracted total annual-cycle variability (: RI..V1 +RI ,V2) of the

4°S-EQ  band-averaged SSTS and surface-winds in the eastern Pacific and Atlantic longitudes. ~’he

undertaken compositing is as described in the Fig. 3 caption. The contour interval and shading

thresholds are 0.4°K in the SST-display, and 0.2 nis in the surface-wind displays.

7. The temporal evolution of annual variability of COADS SS’1’s and surface-winds,

calculated from the depal<tures  of climatological  two-month averages from their climatological

annual-means. Rest as in Fig. 6.

8. As in Fig. 6, but for the 6“S–2”N  band-averages,

9. The temporal evolution of the extracted ‘non annual-cycle’ variability (: sum of RI,V3 to

RI .V 10) of the 4“S–EQ  band-averaged SSTS and surface-winds in the eastern Pacific and Atlantic

longitudes. The undertaken compositing  is as described in the Fig. 3 caption, “1’he contour interval

and shading thresholds are 0.1 ‘K in the SST-display, and 0,1 m/s in the surface-wjnd clisplays.

10. The temporal evolution of extracted total annual-cycle variability (: RI.V1+R1  ,V2) of

the 2“N–6”N  band-averaged SS”1’s and surface-winds in the Indian Ocean longitudes. The

undertaken compositing is as described in the Fig. 3 caption. “l’he rjght-most panel displays the

evolution of associated surface wind-speed

contour interval and shading thresholds are

displays.

variability (see footnote 13 for more details). “1’he

0.2°K in the SST-clisplay, and 1.0 ntis in the other
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